The digestive enzyme chitinase degrades chitin, and is found in a wide range of organisms, from prokaryotes to eukaryotes. Although mammals cannot synthesize or assimilate chitin, several proteins of the glycoside hydrolase (GH) chitinase family GH18, including some with enzymatic activity, have recently been identified from mammalian genomes. Consequently, there is growing interest in molecular evolution of this family of proteins. Here we report on the use of maximum likelihood methods to test for evidence of positive selection in three genes of the chitinase family GH18, all of which are found in mammals. These focal genes are CHIA, CHIT1 and CHI3L1, which encode the chitinase proteins acidic mammalian chitinase, chitotriosidase and cartilage protein 39, respectively. The results of our analyses indicate that each of these genes has undergone independent selective pressure in their evolution. Additionally, we have found evidence of a signature of positive natural selection, with most sites identified as being subject to adaptive evolution located in the catalytic domain. Our results suggest that positive selection on these genes stems from their function in digestion and/or immunity.
Introduction
The polysaccharide chitin is widespread in nature, and is the major constituent of the exoskeletons of arthropods. Digestive enzymes that degrade chitin (chitinases) also occur widely, and have been found in taxa as diverse as bacteria, fungi, plants, fish and mammals (Flach et al. 1992; Tharanathan & Kittur 2003) . Based on their sequence similarity, chitinases have been classified as members of two families of glycoside hydrolases (GHs; http://www.cazy.org/), GH18 and GH19, which have different structures and catalytic mechanisms (Henrissat 1991; Fukamizo 2000) . For example, the GH18 family deals with chitins using a substrate, while GH19 family can degrade chitins directly, without the substrate. The human genome contains eight genes that encode proteins belonging to the family GH18: CHIA, CHIT1, CHI3L1, CHI3L2, LOC149620, OVGP1, CTBS and CHID1. With the exception of CHID1, which is found on chromosome 11p15.5, the others are all located on chromosome 1 (Henrissat 1999; Funkhouser & Aronson 2007) . The chitotriosidase and acidic mammalian chitinase (AMCase), which are encoded by CHIA and CHIT1, respectively, are considered to be true chitinases, whereas several other highly homologous mammalian proteins, termed chi-lectins Houston et al. 2003; Bussink et al. 2006) , lack chitinase activity due to substitutions in their key catalytic residues.
All these proteins, belonging to GH18 family, are characterised by a signal peptide, a glycohydrolase domain and a chitin-binding domain (Bleau et al. 1999) . Additionally, members of the GH18 family usually contain a strongly conserved (β/α) 8 -barrel, that forms part of the glycohydrolase domain. The chitin-binding domain, classified as the carbohydrate-binding module family CBM14, is located in the carboxyl terminal region of the protein (Stam et al. 2005) . Until now, the biological function of most human GH18 proteins has remained unclear, though multiple activities have been identified, including nutrient utilization and growthrelated turnover of chitinous structures. This diversification of functionality might result from past gene duplication events, because the present study shows that GH18 family evolved by decline and expansion which is associated with the selective force in speciation. However, the GH18 family is known to have a long evolutionary history (Funkhouser & Aronson 2007) . Indeed, 820 B. He et al. Fujimoto et al. (2002) found two active chitinases (AMCase and chitotriosidase) in the amphibian Xenopus, and, therefore, suggested that gene duplication must have occurred very early in the evolution of these proteins. By comparison, mutations that led to the evolution of chi-lectins are more likely to have occurred much more recently. Recent results indicate that mammalian chitinases play an important role in innate immunity, such as host defense (Kasprzewska 2003) . Nei et al. (1997) suggested that members of the family GH18, like other genes implicated in the vertebrate immune system, have experienced an unstable evolutionary history of frequent duplications and losses, termed 'birthdeath evolution'.
Although Swanson et al. (2001) reported positive natural selection in the chitolectin protein oviduct glycoprotein 1 (OVGP1) in mammals, this was linked to this protein's role in reproduction. In this study, we test for changes in selection pressure in the evolutionary history of three GH18 family genes that encode chitinase proteins in mammals and try to test the relationship between the natural selection and functional divergence, such as the adaption to the different immunizing antigen.
Material and methods
We obtained sequence data of the chitinase genes CHIA, CHIT1 and CHI3L1 from two databases. First, we used the tBlastn tool (Altschul et al. 1997) to search GenBank (Benson et al. 2008) for orthologous gene sequences of mammals, using the amino acid sequences of human as the input data. Secondly, we downloaded sequences from Ensembl (Flicek et al. 2008) . Accession numbers are listed in Table 1 .
Amino acid sequence alignments were undertaken with the software BioEdit (http://www.mbio.ncsu.edu/BioEdit/ bioedit.html), and reverse translated to give a nucleotide alignment. Phylogenetic tree reconstruction was undertaken using the software MEGA3.1 (Kumar et al. 2004 ) with the amino acid substitution model and Poisson correction. The robustness of the tree was tested by bootstrapping, and nodes with bootstrap values of less than 50% were treated as paraphyletic groups.
The three-dimensional structures of studied GH18 proteins were retrieved from the Protein Data Bank (Berman et al. 2000) .
Comparisons of the number of synonymous substitutions per synonymous site (dS) versus the number nonsynonymous substitutions per non-synonymous site (dN ) are informative in inferring the processes driving molecular evolution. A dN/dS (ω) ratio of >1 indicates positive Darwin selection, whereas a ω ratio of <1 is typically considered evidence of purifying selection, and a ratio of around one denotes a neutral evolution. We estimated rates of substitution using the software CODEML in the package PAML 3.15 (Yang 1997) . We tested both branch and site models. Firstly, we tested for evidence of variation in the rate of substitution among different branches by comparing the likelihood of a free ratio model versus a one ratio model. The former assumes an independent value of ω on each branch, while this is fixed in a one ratio model. These two models will present the different maximum likelihood values. We used the likelihood ratio test to compare these two models. The one ratio model should be null hypothesis, and free ratio was assumed as the alternative model. If the results of likelihood ratio test showed that the free ratio model is better than the one ratio model significantly, it can be concluded that the assumption of different branches in the phylogenetic tree owning the independent evolutional ratio fits the real evolution case better than the assumption of identical evolutional ratio for all taxon. Moreover, the comparison of free ratio and one ration can give the indication for the special accelerated evolution or purified selection for some interested lineages at the same time.
For the site models, we undertook two comparisons: model M0 (one ratio) versus model M3 (discrete), and model M7 (beta) versus model M8 (beta&ω). Model M0 assumes an equal ω ratio for all codons in a gene, while model M3 (with four parameters) captures heterogeneous ratios among sites, and can also detect positive selection if the ω ratio is >1. To compare model M0 and model M3, we used a log-likelihood test with four degrees of freedom. Model M7 and model M8 were compared to identify the codons under positive selection, with two degrees of freedom. These two comparisons can be used for testing whether the different amino acid sits under the different natural selection pressure and identify the locations of amino acid sites which were selected positively.
Results
We examined the molecular evolution in mammals of three genes (CHIA, CHI3L1 and CHIT1) from the fam- 
a Substitutions are based on the human sequence as a reference. Sites are formatted based on their Bayesian posterior probabilities as follows: 0. 5-0.7, unformatted; 0.7-0.9, in bold; 0.9-0.95, in italics; and >0.95, underlined. ily GH18 (Henrissat 1991) . For each gene, a phylogenetic tree based on amino acid sequences was used as the input in the analysis of molecular evolution (Fig. 1) . Maximum-likelihood estimates of ω, based on a single ratio across all branches, were 0.19, 0.28 and 0.17 for CHIA, CHI3L1 and CHIT1, respectively. This indicates that all of these genes are subject to purifying selection. However, free-ratio models of evolution were found to be significantly more likely for each gene, suggesting that selective pressures vary across branches in the mammalian tree (data not shown).
In the discrete site model (M3), three classes of sites were classified, for which the ω ratio was estimated. This was used to test for codons under positive selection (dN/dS >1), and was compared to model M0, which served as a null model (see Table 2 for results). Significant model improvement supports positive selection, with 5% of codons of the CHI3L1 gene assigned an estimated ω ratio of 1.4. Similarly, model M3 tests of the CHIT1 and CHIA genes also indicated a signature of positive selection on codon sites (Table 3) . Around 8.5% and 4.4% of sites were identified as being under positive selection for the CHIT1 (ω = 1.467) and CHIA gene (ω = 1.377), respectively. A comparison of model M7 and model M8 can be used to identify amino acid sites under positive selection using the improved Bayes empirical Bayes method of estimating posterior probabilities (Yang et al. 2005 ). This was undertaken for all three genes, and all suggested that model M8 was a significantly better fit to the data than model M7 (proportions of codon sites of each gene identified as being under positive selection are given in Tables 2 and 3 ). Eleven amino acid residues sites of the human cartilage glycoprotein 39 (HC-gp39) were identified as positively selected. Glutamine on the 7 th site belongs to the signal peptide of the protein (Hakala et al. 1993; Fusetti et al. 2003; Houston et al. 2003) , and other sites locate on the catalytic domain, including ten amino residues (144R, 162I, 167P, 169K, 224R, 291A, 304R, 312L, 339Q, 369R; the HC-gp39 sequence was used as the reference). Three out of ten (144R, 162I, 339Q) sites are from the α-helix and the other three sites (167P, 304R, 312L) are involved in the framework of the β-turn (Boot et al. 1995; Fusetti et al. 2002) . Moreover, 16 amino acid sites with the positive selection signature of chitotriosidase included three amino acid residues (432R, 452T, 458N) located on the chitin-binding domain, as well as others (69T, 71W, 75T, 125R, 186A, 190Y, 241L, 286T, 314K, 389Y, 390L, 407E, 416Q) belonging to the catalytic domain. Similarly, the model M8 identified 10 amino acid sites in AMCase, 9 amino residues on catalytic domain (25T, 62Q, 78Q, 317G, 343D, 381S, 390Q, 406A, 420S) and only one (451V) on the chitin-binding domain (Saito et al. 1999; Boot et al. 2001) .
Discussion
An increasing body of work suggests that proteins belonging to the GH18 family, especially those with enzymatic activity, have a range of important functions in mammals, from food digestion and innate immunity to the maintenance of natural physiological function Suzuki et al. 2002) . The results of phylogenetic analyses based on the nematodes, fruit flies and mammals have divided the members of this family into three groups: the chitobiases, chitinases/chitolectins, and stabilin-1 interacting chitolectins (Funkhouser & Aronson 2007) . Moreover, mammalian-specific orthologous GH18 genes have been further classified into four clades: the acidic chitinases with related chitolectins (including CHIA, CHI3L4 and CHI3L3), chitotriosidase (CHIT1), the non-active chitinase-like protein CHI3L1, and the oviduct glycoprotein OVGP1 (Funkhouser & Aronson 2007) .
To characterize the nature of sequence evolution in three representatives of the GH18 gene family in mammals (CHIA, CHIT1, CHI3L1), we applied a suite of phylogenetic and molecular evolution analyses. For each gene, the results of our maximum likelihood methods suggest that rates of substitution differ both among branches across the tree, and also among sites within the gene. Several sites were identified as potentially being under positive selection.
Members of GH18 family possess multidomain structure with a strongly conserved (β/α) 8 -barrel catalytic, a signal peptide and a chitin-binding domain. Usually, chitolectins lack the chitin-binding domain (Henrissat 1999; Stam et al. 2005) . All the mammalian chitinases have a conserved sequence motif (DXXDXDXE) that spans the amino acid residues from 133 to 140, with 140E identified as the key residue (van Aalten et al. 2001 ) that, when substituted, leads to a loss of catalytic activity (Kzhyshkowska et al. 2006) . The replacement of 140E can make the functional change because the chitinases protein sequences alignment indicated that this site remains in all the chitinase catalytic proteins, such as AMCase and chitotriosidase of human (data not shown). Such a loss of chitinase activity has previously been shown in CHI3L1, resulting from the replacement of glutamic acid by leucine (Hakala et al. 1993) .
AMCase and chitotriosidase are considered to be true chitinase due to their chitinase activity (Kzhyshkowska et al. 2006) . They have a relatively complete structure including a signal peptide of about 22 amino residues, a catalytic (β/α) 8 -barrel domain of about 400 amino residues and a chitin-binding domain of at least 49 amino residues (Tjoelker et al. 2000) , with the key glutamic acid residue at the position 140 (van Aalten et al. 2001) . Our results suggested that a total of 10 and 16 amino acid sites were under positive selection in the genes CHIA and CHIT1, respectively. In CHIA, only one of these sites was located in the chitin-binding domain, while the other 9 belonged to the catalytic domain. Similarly, in CHIT1, 3 positively selected sites were located in chitin-binding domain and the remaining 13 occurred in the catalytic domain (see Figure 2) .
Although the functions of mammalian chitinases are not fully resolved, these two proteins have been proposed to play a role in degrading chitin-containing pathogens. AMCase activity has also been linked to the pathophysiology of asthma (Zhu et al. 2004 ), while chitotriosidases have been associated with several diseases (Zheng et al. 2005) . There is some evidence that the existence of AMCase may compensate for the lack of a functional chitotriosidase (Boot et al. , 2001 . Fusetti et al. (2002) found that mammalian chi- Fig. 2 . The simple structure of AMCase, chitotriosidase and HCgp39, human sequence as a reference. The signal peptide (about 21 amino acids) is red, the catalytic domain is no color and the chitin-binding (about 50 amino acids) is yellow. The site we identified is simply marked by the short line. Fig. 3 . Overview of human chitotriosidase structure (Fusetti et al. 2002) and the active site. The backbone is gray. The α-helices are shown in orange and the β-strands are shown in green. The α/β domain is in blue. D136, D138 and E140 are shown in red. The positive sites we identified are in yellow.
lectin proteins such as YM1 can only interact with monomeric carbohydrates, i.e. they lost the affinity to the polymeric carbohydrate. Apart from the mutation in the active site, the non-conservative substitutions (Fig. 3) , such as Y24D, W72E, Y190V, W218K located in the chitin-binding cleft, are also an important reason. Through the results of the protein sequence alignment by Fusetti et al. (2002) , it is possible that, like YM1, AMCase also have the substitutions in these sites (chitotriosidase as a reference). So we believe that these substitutions possibly caused the function changed, and we suggest that the sites identified in this study as being under possible positive selection are important in discerning and binding the different substrate in different loci to retain the chitinase activity. Due to the revealed multi-function of these two true chitinases, we conclude that the sites we identified in our work have a relationship with the proteins' functional diversity. It is likely that at least some of these substitutions will influence the spatial structure and function of the protein. Bussink et al. (2008) found that contrary to the chitotriosidase, most substituted residues in AMCase occur on the protein surface, leading to the suggestion that these are more likely related to adaptive stability rather than the reaction mechanism. Both interior and surface substitutions might also be important in modulating functions in immunity, particularly in the protection from fungal and other pathogens. The CHI3L1 gene, located in the chromosome domain 1q32.1 (Rehli et al. 1997 (Rehli et al. , 2003 of the human is expressed in several kinds of cells including arthritic chondrocytes (Hakala et al. 1993) , activated neutrophils (Volck et al. 1998) , macrophages during later stages of differentiation (Rehli et al. 1997 (Rehli et al. , 2003 and the processes of inflammation, fibrosis and degeneration (Kirkpatrick et al. 1997; Boot et al. 1999; Johansen et al. 1999 Johansen et al. , 2000 Baeten et al. 2000; Volck et al. 2001; Junker et al. 2005) . CHI3L1 has been shown to be linked to metabolism, tissue remodeling or fibrogenesis and schizophrenia (Johansen et al. 2000 Kawasaki et al. 2001; Volck et al. 1999 Volck et al. , 2001 Yang et al. 2008) .
The three-dimensional structure of HC-gp39 (Fig. 4) contains the eight-stranded (β/α) 8 -barrel catalytic domain and has the ability to bind the insoluble chitin with the aromatic residues lining in the carbohydrate-binding groove. Fusetti et al. (2003) found that among all these aromatic residues, 70E, 97G, 99W, 100N, 179S, 184T, 263R, 290E, 352W (Fig. 5) contribute to the carbohydrate binding with different loci of the N-acetylglucosamine.
We identified 11 amino acid sites (about 4.5% of all the residues) as likely to be under positive selection, and most were located in the carbohydrate-binding groove of the catalytic domain, with one more located in the signal peptide. The N-terminal of the signal peptide usually contains basic and hydrophobic amino acids, and the substation at the 7 th site occurs between these amino acid residues, including proline, leucine, glycine and histidine, suggesting a possible role in the signal peptide. Unlike AMCase and chitotriosidase, HC-gp39 lost its chitin-binding domain and distributed the binding sites in the carbohydrate-binding groove, so we suggested that the other 10 sites we identified are related to the function of binding carbohydrate. Recent research has also implicated the CHI3L1 gene in susceptibility to schizophrenia (Zhao et al. 2007 ).
The mammalian chitinase plays a role in immunity, several lines of evidence have indicated that genes involved in immunity and reproduction possess higher rates of evolution than other genes (Jansa et al. 2003) . For example, mammalian oviduct glycoproteins, also of the GH18 family, appear to have undergone positive selection during the divergence of mammals, probably due to sperm competition and sexual selection (Swanson et al. 2001) . Since the signal peptides and chitin-binding domain-coding sequences were omitted and lesser sequences were used in the protein sequences alignment, other results on the evolution of GH18 family genes in mammals have pointed to strong purifying selection (Bussink et al. 2007) . Although a comparison of the catalytic domain across the whole family suggested the relative strong functional constraint during the evolution of mammals, it is still worthy to test for changes in selection pressure during the divergence of mammals.
More taxa and longer sequences were involved in our analyses. The more detailed data can provide the more precise estimates concerning the ancestral sequences of each node in the phylogenetic tree using maximum likelihood method. Applying the more data and the maximum likelihood method which can detect the evolution ratio for independent amino acid site, our results indicate the specific adaptation in each of the three genes studied, probably resulting from positive natural selection. In particular, we suggest that the catalytic domain is a hotspot for rapid change due to its vital function in a range of processes.
